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Abstract
~hc Objcclivcs of h CEMHRLL  cxpcrimcnt  i~C 10 mc:isurc [tic signal cnhmccmcnt  obtained in a two way krscr

propagation link using laser guidcs[ar adaptive oplics from [tic ]iarth  10 ttlc Moon using Ihc Apollo rclrorcflcctor  arrays, and to
ptcdict  md verify the resulting signal .Wcnglh  and variability. A Iheory is prcscntcd  for the probability density functions of Ihc
laser link by combining multip]c  cffec[s of the: 1) compcnsa[cd  laser uplink  tllrougll  lurbulcncc,  2) reflection from the lunar
rctrorctkclor ,amy, 3) pmxrgc  Ibrough iurbulcncc  on ilIc  ckrwnl ilk, aperture :Ivcraging by lhc rccciving  tclcscopc,  and 4) signal
detection with  a photovo]laic  dctcclor. “1’hc mos[ imporl;mt  clcnwnt  in lIIc chain is the rrplink propagatior~. all other effects
propnga[ion effects modify only the mcnn r~umber of photons of [Ilis two way link, and do not significantly change the
plob:ibiti[y density functions of tlic rrplink laser beam.

The resulting prokrbility density functions arc defined by pmmc(crs  tlmt include the cffcc[ivc  number of scatk.rcrs, the
average inlcnsitics  in the spccutar and diffuse portions of tllc bc;lrn, and tllc bc:un  ji[!cring cffcci  of using a lmcr guidcstm.  Using
intensity n~orncnts  derived from (Ilc far fickt  propagation, pcrfw  l]]:mcc d:ita on IIlc laser guidcstar ndaptivc optics systcm, and
approximations for higher order moments, the pmmckrs  of [hcsc  distributions can bc numerically evaluated from experimental
conditions. These sliow a widely diffuse spccktc  p:ltlcrn for the uncornpcnsntcd bcm, and n similar sllajmt  but long tailed
distribution for tbc cornpcnsatcd bcm. llncorl’cclcd  lilt cffcc[s C;(USC [Ilc well compensated beam to randomly jit tcr and results in
an intcilsity distribution where there m some ‘hits’ of high in[cllsi[y  light, bu{ mc)rc frcqucntty  [Ilcrc  is a por[ion of the km side
lobes which illuminate tllc  corner cube army. A scpnmtc ti~)-til[ comctiorl using cilhcr  m illurninotcd  Iunw  feature or the return
pulses thcmsc]vcs would miligatc  this effect,

1.0 lntro(hlction

The CXMIXI.I.  cxpcrimcril  will bc conductc(t using [tic focili(ics  of (llc Stmfirc  Optical  R:mg,c  (SOR), at Kirtlmd Air
Force IkKc,  Ncw Mexico under the direction of JPI, [ 1]. ‘1’llc cxlmrimcnt  will mc:isurc  tlIc return pulses of a ground based  lxxx
dircctcd toward an may of rc[rorcflcclors  on the surface of [hc moon. C’};MER1.1. will bc conctuctcd at IWO wavclcng[hs, 532 nm
ml 1064 on]. Adaptive optics is an enabling technology for ttiis e.xpcrimcnt, ‘1’hc b:isclinc cxpcrirncnt  will mcmurc  the signal
cr~h:mccmcnt  obtained by using adoplivc optics IO conccntm[c [tic uplink  Imcr  beam thereby increasing ttlc rctumcd signal
slrcngtll.  ‘I”hc second objcctivc  of HiMf{RL1. is (o verify prcdic[ions of sign;d  slrcngth in [trc two way link.

A schcmrtic  of (IJC cxpcrimcn~  is given below in i~igulc. 1. An uplink  pulsccl  Iascr beam is dircclcd  from n 1.5 m
tclcscopc toward onc of o number of comer cube arrays left on (I1c surfocc of [hc moon by [tic Apollo astronauts [2]. The upward
beam ttmt has been transmitted through [hc atn~osptlclc and has lMolxig:iIcd  to IIIC comer cubes is rcllcc[ed  back to the trimsmittcr
site where it is [l) CnSllrCd  using a 3.5 m diameter rcccivcr  tclcscolx  Iocatcd 1 W meters away.  ‘1’lrc theory for (IIC (33 MERLI. krscr
link dcvclopcd in this paper is divided by distinct conditions of proi)agation  which arc divided by: 1) uplink  kcr propagation, 2)
rctrorcilcc[cd  beam, 3) (lownlink  propagation through [k nmosphcrc  includirlg  npcrturc averaging, and 4) signal detection.

lo Section 2.O,WC predict the cxpcctcd average signnl ill IIIC cxl)crirr~cnt in terms of cxpcrirncntal  conditions :md
obscrvab]c  p:u-amctcrs.  ‘1’his average number shows tllc cxl)crimcr)[ to bc fcmiblc  but dots not consider the ttucluations cxpcctcd
for the rcccivcd  signal. ‘I”hc remaining sections present a theory for 10 derive ttlc prob;lbility  dcnsi[y function (pdf)  of photons
incident at the rcccivcr  tclcscopc as concentrated onio a single point detector for n~cmurcmcnt, In Section 3.0 dealing with the
up]ink,  the k~scr  beam accumulolcs phase fluctrralions as it propag:l[cs Ilmrrgll the ntnmsphcrc.  It then propagates to the Moon
where a portion of the bcorn is irlcidcnt  on the corner cube m:ly. “1’llc number of ptlotons incident on the comer cubes depends on
the rcsidu:d wavcfront  nt the top of tllc atmosphere which comes florn the con] bill:i[ion  of atmospheric turbulence and plmc
compensation from tllc  laser guidcstor xlal)tivc optics (if any). “J’tlis ul)link  beam quality is [tic most sip,nificant factor in this
cxpwimcnt,  I’his section inclmtcs Ihc probabilistic model for tlIc effects of atmospheric turbulence and aIIy con]pensolion  by
ndaplivc  optics on the uplink.  Also prcscntcd  is a concspondcncc bctwccn  the observable cxpcrimcnt:d  conditions and
pararnctcrs  of the derived pdf’s.

The Cffcct of ticld  summation from ttlc rctrorcflcclor  ;umy is given in Section 4.0 nlong with the CffCCt of aperture
averaging on tbc downlink. “1’hc effect of [tic cor-ncr cubes will result in an uIIknown dclcrminislic  S.l)ccklc  patlcrn al the lop of
the otmosphcre  on the downlink  Wc show Iha[ midc  frwn  rc[lccliorl  and propag:ilion  IOSSCS,  Ihcrc is no impoc[ on Ihc ovcmll  pdf

———- .—

1. The mrthor is with the Erik  Jonsson  School of Enginccrillg, and ~omputcr  Scicncc,  the Univcrsi[y  of lexas at Dallas,
P.O. Rox 830688, EC’33, Richardson, 1X 75083. Work vm pcrfonncd  while at JPI..
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from this component, The rcturw bcarn  passing through (IIC olmosphcrc will also undergo random phase variations,  We will show,
in Scdion  5.0, that (his vari;ition  is grcally  reduced when h rccciving  aperlurc is much larger than (hc size of the aln~osphcr’ic
turbulence CCH. That is, the variability of the downlink  is insignificant compared to the uplink  variability, and aside from
propagation 10SSCS, there is no impact on lhc overall pdf. The paramclcrs of lhcsc pdf’s  arc predicted by rncmrrcmcnts  of
cxpcrirncnlnl  conditions made during the cxpawncnl,  rmmcly: ltlc  wrwclcaglh  of the Iascr beam, the transmitter dirrmcter, rarrgc
to the moon, bulk transmission IOSSCS,  thc dcgrcc  of atqosphcrk Wbulcncc.  ml the ~cgrcc of correction by [he laser guide st,ar
adaptive optics. The pdf  rnomcnts, e.g., the rncan mtcnsily  and the mean square Intcnslty  prowdc  lIIC rnalticmahcd  rclationsbips
by which tbc parameters arc numerically evaluated from cxpcrimcntfil  conditions.

Photovoltaic  detection of the signal is dcscribcd  in Scc[ion 6.0 for Ihc Photornrrltiplicr  tube (PMT)  detectors, Ihc Solid
S(atc Pholomultiplicr  (SSF’M), and the Avakrncbc  Photodiode (AF’D). Incident pho!ons on the detector arc convcrtcd  into
photoelectrons to be rncirsurcd as an electrical signrd. q’hc photoelectric signal may bc broadened by the detection physics
depending on the nutgnitudc of Ibc signal strength. ‘NM is broadening will only bc significant at the lower signal strengths. Since
our cxpcctcd Icvcls arc of the order of 10 or rnorc photoelectrons, this effect is also not significant.

Figure 1: Scbcrmtic  of tbc Cornpcnsatcd  Ehrlh-Moon-Earlh  Lrrscr Link (( Y; MEM, I.) experiment.
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2.0 ILxpcrimcnhl feasibility

All variables used to predict Ihc mcon intensities arc cilllcr attenuations cause by Ihc optical components such as beam
trains and Wnospbcric  tr:msmission or propagation factors such m diffraction on the uplink  or propagation on the downlink.
Below wc give the equations which rckrtc these con] binations of filctors.  A table of numerical values is given in the Appa~dix
Section 8.0.

‘JIic uplink  intcnsily  o]] tbc corncrcubc is given as the product of factors:

(1)

b denotes Pkmck’s constant and c is the speed of light.  ‘1’hc first brackctcd term is the number of emitted photons in the rrplink
with  a tn~l~sn~iss]ol~,~tr), the second term IS the duc to atmospbcric Iransmlsslon, ~fir[l):. ,

!.
The third term rcprcscnts  the propagation

loss by diffraction [3]from  a transmitter of diameter, D,r, a wavclcrlgth,  k, and a spcclflcd range (-400 Mn~).  The last term, ircl, is
additio]ml  diffraction loss duc to turbulence or lack of corrcctiori  florn ttlc adaptive ol)tics, and is equal to unity  for a perfect
systcm. Ihc relative number of photons incidcllt  on the corncrcul)c is ttlc cncirclccl  energy of the beam over the ar~~ of the
coracrcubc. The corner cube rcflcctancc  is derived using either the comcrcubc. ,arca or the expression for cncirclcd  energy within
a given rkrca [4] to give:

(2)

where there arc Nmt,C coracrcubcs of diameter, dCUbC ml rctlcctarlcc,  M,c. on the downlink,  the bcarn propagates geometrically
sillcc  its divcrgcncc  angle, OCUk,  is greater than tllc diffraction sjmad  for ttlc corncrcubc  dimnc(cr. l’hus [tic transmission factor
for the number of photons incident on the rcccivcr  tclcscopc  as tcl;Iycct to ttlc detector is the ratio of the areas bctwccn the
rcccivcr  (clcscopc  of diameter, I]r, and transmission, ‘rP and the Im)jcctcd  corncrcubc bc:Im multiplied by all the appropriate
transmission factors:
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(3)

~’hC prCrdUCt  Of ~~Ul)lil  k, 11 ,U.r,,, ald ~lrVCeiver  giVCS ttlC :lVCragC llUllJbCr  Of pbO(OllS  rCCCiVCd  by ltlC ICICSCOI)C aS relayed tO tbC
dckxtor.  NO(C lb:il  when multiplied togctbcr, Ibc IWO way link conmins  lhc rangc4 dcpcndcncc  as expcctcd.  lhc average
cxpcctcd photon return is given in Thblc 1 below. Alibougb  (bc rocan V:II ucs for tbc compensated and uncornpcnsatcd beams arc
not dr;m~:ltic;llly different, tbcrc arc rnorc hrgc  n]agnitrrdc  pulses prcscnl  for lIIC compensated C:ISC as wilt bc shown in tbc
following section,

Ihb]c 1: Average number of photons expcctcd  for C’I;Mf{l{l.I. lJ}IOSC 1 cxpcrimcll(  avcragcct  over nornirml conditions.
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~“tlc pdf’s for uplink  md  downlink  krms arc derived by :Ipplying  previously published rcsu]ts irl Iascr bcarn
proJxtgatior~ wbicb uscs ttlc Itlcory  of random walks [5], [6]. ‘1’l)c p:ll-amc[crs of Illcsc Idf’s corrcslrond to ptlysiCill  quantities
such as tbc cffcctivc  number of scattcrcrs,  spccuhrr and diffuse bc;im conlponcnls, and tbc siz.c of lhc bc;un in relation to
atrnosltbcrica]ly  induced tilt.

l“bc effect of atmospbcric turbulence on llic uplink  Ixxirll  is dcscribcd  in terms of [tic addition of a large number of
statistically indcpcndcnt random complex arnplitudcs. Followirjp< the framework of Strobbclln,  Wring, and Spccti [5], tbc
filrnosldlcrc  along [bc line of sight to tbc conicr  cube array is dlvldcd  inlo  n number, K, of indcpcndcnl  slabs, cacb cor~[aining a
random magnitude, t, and ptmsc, $. At tbc top of tbc ;itrnospbcrc, (tic con~l)lcx amplitude of ttlc radiation can bc cbmctcrizcd as
a random pbasc  front wbicb  propaga[cs to [hc cormcr cube array ill the fnr-ticld.  ‘1’he on-axis complex amplitude, a(O,O)  is
cffcctivcly given by tbc surnnmtion of rnagllitudc atld IIb:lsc corl(ributior]s  from cacb of ttlc K atn]osJ)tlcric slnbs [6]:

a (0, o) = (J(’)! ~ ~L(o, o)c,$,((,(l)  . (4)
k=]

w/trrr i=~- 1, w is tbc oJ)ticnl wave frequency. ‘J’bc Jmhbility dish ibuliorls  of ‘t and $ arc stalislicaJly  indcpcndcnt, lbcir
functiorml  forms nrc nrbitrwy and tllc or]ly restriction is ttlot ttlc rllcar] ~)ll:lsc is taken [o bc zero (without loss of gcncralily).  Wc
also View ibC uJ)]irlk as Combination of irldcJ)cndcnt sJmcu];u’  and difiusc  Conll)oncnls. ‘J’hc sJ)ccuklr  corn J)onerll is the Jxlrl of Ibc
bCarl) Which SLrffCrS fcw Jh:lsc J)crlurbalions,  and tbc diffuse cmlllmrlcnt  is ltlc Jmrt of the beam containing greater ptmsc
Jwrlurb:ltions such m those not cor-rcctablc by tllc  adap[ivc optics, e.g. foc:d oilisol)l;ir~:ltisll~ [7], [8]. “1’tlc symbolic expression is:

a(t),  ()) = fl, (o. 0) + fJ,, (O, O)

K K

a (o, o) = ~ (I,k (o, o) e;~’((” “) + ~  (I,,k (o, o) (’iv’ ‘[) ’0)
(5)

k-l k=]
with [I]c resultant intensity being the nlodrrlus squ.arc of (hc arnIJlitudc:

i  = [(/(0,0)12. (6)

1
a (0,0) and f .(0,0) arc tllc  arnp!itudc orl(t ptmse of the cobcrcril or sl)ccul;u  con~]roncn[  of ttlc ktb scattcrcd ficl(t,  rcspcctivcly,
w&;:rr:d&\~,::: $~ (0,0) denote the anlJ)litudc and J]b:isc of ttlc dilfusc  r;mdom field, rcspcctivcly.  In lbc analyses  to follow,

,> IS rcJ)krccd  by n cootinrrous  Jmr:unclcr, u

3.1 Uncompensated  uplink
}Jistoric:dly,  ]og-norrno]  Jxlf bas bccrl  cnlJ)]oycd to ctlw:lctcrizc  ttlc scinlill;ltion  cffccls  in a turbutcllcc  [5], Jt is also

well-krlown tlmt tbc fluctuations drive towards ‘sntur:ltion’  for strong [urbulcrlcc or wllcn t}lc propagatiorl dist:mcc  is htrgc, i.e.
wbcn tllc number of scatlcrcrs irl tllc turbulent medium is I:lrgc. “1’llc in(cnsity distribution of ttlc optical field is tbcn governed by
a ncgalivc  cxponcntinl  dislribrriion.

};or Jmopagation  J):lttlS in cxccss  of a kikmlctcr,  tllc validity of log norm:d and tbc negative cxponcnli:ll  models to
aCCUUiICJy model Il]c turbulence-induced scintilkltion  bas bccrl cll; lllcr]gcd for weak and strong turbulence. For small propagation
diskrnccs, IIIC number of scatlcrcrs is typically finite. A number of studies (SCC [9], [ 10], [11]) bavc  considered a scattering
rnodcJ  with (IIC nurnbcr of scat(crcrs govcrmcd  by o ncg,ativc  binonli:d  distribution Icading to a K-distributed intensity. This pdf
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has also been successfully used to model atmospheric turbulence dcci) into s;ituralion,  but is not readily applicoblc  to wmk
lurbulcrrcc.

Andrcws and Phillii)s  i)roi)oscd two universal models for cll:ir;lclcriz.ing  scintillation [ 12], [ 13]. The first nlodcl
considers the rcccivc,d optical signal as lhc dirccl  sum of li xcd, simcirlar and r;mdom, diffuse comi)oncnts, They used:1 Nakngwn  i
distribution (similar to the noncentral Oi sqwirc) 10 dcscribc  lhc rcsul[nnt rcccivcd signal intensity. Given that the diffuse

derived the l-~ distribution by mwraging over its modulus sqwrrc, thcdiffusc in[cnsity,  which is bccomcs  (negative)
anlillitudc,  ad , is a Gaussian dislribulcd  random v:iri:iblc  for an in[iniic numhcr of random comi)oncnts, Andrcws and Phillii)s

exponcntinlly  distributed. “flrc  rcsirlting  pdf  may bc used to d]~ii~(cri~.c  turbulent oi)tical  channc]s over a wide range of turbuicnt
oi)crating  conditions. The inlcnsily  morncn[s  for this pdf  ai)iwo:dlcs  unity for very weak turbulence, imd goes to n!, m prcdiclcd
by the exponential distribution in the strong turhulcncc regime. q’hc funcliorml  form for this distribution is:

(7)

Ka (.) is the rnodificd  ~csscl.function  of lhc second lyi)c and order a, and /a (.) is lhc modified Bessel function of lhc first lyi)c of
order a. Th$I-K pdf  M si)ccifrcd by three p?rarnclcrs. ‘i”hc term u, is the cffcctivc  nirmbcr of sca[lcrers in the ui)link,  the
pmmctcr A , is the average intensity resiilhng  from the si]ccular  component, and b is an cnscmb]c  average corrcsi)onding  to the
diffuse component of inlcnsity.  Since the uidink  intensity is a rarldom quontily,  duc to alrnosi)hcric conditions, the overall
inlcnsi[y,  iu, can bc either hrgcr or smaller tlmn the average si~ccul;ir  comi)onenl. The nth moment of a random variable is
defined as:

( i n )  = J i“p  (i) di (8)

o
d fOr the 1-K distribution is:

The mcnn intensity can bc i)rcdictcd  in advance of tllc  cximirncnt for a kiscr imwcr,  i), along wilh the other
cxpcrirncnta]  conditions, and is:

(12)

l’hc last factor is derived from cxi)rcssion for f,ar-field intcnsily  for Kolmogorov  turbulence. The second moment is cvaliratcd
from (9) in the limit as where O! is Inrgc and P is small:

)(i;) = 2( 1 + ~, (iLj2

The immctcr  w is comiwtcd  :]s the number of collcrcncc areas within the :irc:i of IIIC tmnsmittcr  beam (SCC tlic Api)cndix
Section 8.3), and is

(13)

(14)

Compytcd  p,aramctric values for ttic two wavclcngtlis  ;ind r. of 7 cm w-c given in Table 2 below. ~“hc magrlitildc  of ~ is so Lrrgc
tliat  A is ncp,ligiblc,  and the rcsullant  pdf  apim:ictics  :in cximncntifil  ixlf. Figure 2 stiows imdic[ions of the ixlf for cxpcctcd
conditions during C’EMEIU.I.  using the I-K distributiori,  arid i[s Iilniting distributions, ttic Iognorinal  and ttic cxi)oncntiat
distributions. ‘i’hc I-K tfiicks  very closely witti [tic cxinicnti:il, b(it boil] frill off f:istcr (it the hirgcr intcnsiiics  ttiarr ttic log normal.

3 . 2  Collq)matc(l ])(If
III a corni)cnsalcd  beam scenario, two irnimrt:irit  cti:ingcs ;irc in:idc, in adai)ting  the r;u~dom walk model to lhc

compensated uplink.  These arc 1 ) tliat the si)ccular comi~oncnt is a random quantity c;iuscd  by the lack of o tilt correction in llic
kiscr gijidcstnr  ridaptivc optics systcm [7], :ind 2) tlic diffuse corlii]oncnt  is :i suinni:ilion  of a sm:ill finite nlirnbcr  of r:indom
components. Bczriisc  hrscr giridcskw wlai)tivc  oiltics  provides im~,rcssivcly  Icss corrccticm at lhc Iowcr  simtial frequcncics, ttic
corncmubcs  will bc ilhrmiwrtcd  by a WCII corrcctcd but fiindomly  jittered beam. Secondly ttic cffcctivc  n[imbcr of scnttcrcrs is
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substantially rcduccd  in a compcns~tcd  beam scenario as comp;ucd with an uncompensated case. l’hc Nakagami pdf  is
indcpcndcnt of the ch,nmclcristics  of the inclividu:d scaltcrcrs  and ~Ihasc dis[or[ions  ciruscd by thcm.

711c compcnsa[cd  uplink  is modcllcd  in Iwo stages. Firsi  wc model lhc pdf  of the unjitlcrcd  bcilm,  iuld then wc combine
it with the jit(cr ~)df to obtain the overall model. In the abscncc  of [ill errors, (or conversely for a tilt corrcctcd bcmn of known tilt
error, is) (IIC uplmk intensity pdf  is given by the conditioned pdf  wllictl is Nak:lgami  distributccf:

[[1
ic a - l
. .

a ‘Sp(icli$) = ~ - A r’ [
.Jwp],,, ,(+j$) ‘ C> o

(15)

As in the uncompcnsalcd  case, b dcnoys  lbc avcriigc diffuse inlcnsity  and physic:dly  rcprcscnts  uncorrected higher
order aberrations of the bcitm, 7“hc parameter A ~s tl!c average sl}cculnr intc!lsity,  ~~ is. it n~~m:diz.cd far field jit(cr in[cnsity
(conlaincd within the intcrwrl  [0, 1]), The fluclu:itlon  II) the average sp!culitr  Intcmslty IS A 1~, where the rcccivcd  optical bcirm is
s[lbjcc(cd to atm~sphcrc-induced pointing 1111,  modeled iM two dilnCl)slor~id, z.cro-mcitn, indcpcndcnt (iaussian random processes
with  varinncc Oj in x and y directions [ 14]. I’his tilt or beam jitter lcrm is rnodclc(t its a bckr-distributed random v,ariablc:

p(is) =  ftif” 1 O<i, <l

(16)

where ~ is tllc ralio  of lhc squtirtd  beam size to tllc jitter variance.. I;or  ild{ll)tivc  optics corrcclioms on it single mode lmcr,  the full
width t~iilf nmx beam si~,c is nearly cqual to the diffmction  limit. ‘1’hc bc;~n]  poinling  jitler is the mcon sqwtrcd sum of the
atmospheric singic axis tilt jilter and tclcscopc  pointing jitter [ 15], [ 16]:

‘~= 0’8’2(7;,)’’3(: )7’3+ ‘06’’r’’d)2
“Ihblc 2: Prcdictcd values of parmnctcrs for lhc uncoml)cnsatcd  uplink  pdf  based on the I-K diskibution.

(17)
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9.s

108.2

Figure 2: Probability density function  for an l]l)coli]~)c[~s:t[cd  ul~link bc:~m ;It 532 nm and 1064 nm with r. = 7 cm. The solid
line is the prcdic(cd pdf using the I-K distribution, tllc  dasilcct Iinc denotes (Ilc prediction using the log normal pdf
wilh tlIC s~tt]c  n)(rn)cnts, :u)d the dot[Cd Iillc (Jcnotcs  [tic ncgntivc cxJ)onc[ltiili.
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Ilus, lhc uplink  inlcnsily  including (hc effects of jillcr in the l;iscr guide-shr compensated beam is given by lhc integral of the
conditional uplink  pdf  and Ihc jitter pdfi

1
(18)p (i=) = jp (icl is) P (i, ) ~lis

o
Ilw con(iilional  moments of ic arc given by:

(19)

where L:- I (x) is the I-agucrrc  polynomial of order )1 :inct hdcx u.- 1. By cxpnnding the Lagucrrc  polynomial and noling that i$
oppcors  only as powers in a series expansion, the momcnls of is arc:

(20)

which ;wc then substituted in lhc expressions below. A* and b arc compulcd from simulations lXMC(J  oJl performance of the
guidcskrr syslcm [ 17], A priori predictions of the mean intcnsi[y  rcqrrirc Ihc knowledge of the spatial cohcrcnce  function for the
compensated wavcfront,  which is not readily available. Fivcn so, an expression for the second moment would require the
evaluation of a six-fold intcgrd. lnstcad wc cwrluatc lhc unconditional and conditional mean intcnsilics,  both functions of A*
and b. “1’hcsc  cnscmblc averages arc:

((icli. )) =  A2;, + ~

()(i,)= A2  i~ll +b”
(21)

I’hc giv n wrlucs for (IIC unji(tcrcd  mcar~ inlcnsily  (assuming i,= 1 ) and also (hc jitlcrcd inlcnsit  y required on lhc tcf[ hand side of
;(21), A and b xrc scpmrtcd  to give:

((ic[i,: l ) ) -  (i=)
AI=-

l-p”

(( ic ) -  ~((icli~=.l)))
(22)

b=--
l-p

l“t~ parzunctcrs  for this pdf  also requires not only [I)c Iuww]c(igc  of some three p,mrmctcrs as in the uncompcnsalcd
cnsc, i.e., A , .4, and a, and also requires the knowlcdzc  of Ihc par;unctcr,  (). An cxacI evaluation of the pm-amctcr,  u is not
tractable,,  and requires knowtcdgc  of the collcrcncc  function of IIIC coml)cnsalcd  bcm at tlIc Iop of tlIc atmosphere (SCC
Appendix Section 8,3). lr~stc:~d  a is approxirmrtcd.  An c. ffcctivc  r. V;IIUC can bc c:llculatcd using puhlishcd values for the
pcrforrnancc of the guidcs[w  ad:lptivc  optics syslcm. 3’hc va]uc for Cl is :Ilso dctcrmincd  by approximation to an cquiwrtcrd r.
wtlich  is based on Ihc performance of the guidcstar  adaptive optics sys(cin [ 17], ‘Iilb]c  3 below gives wducs for the parameters rrt
both wnvclcnglbs  for r. of 7 cm, l’heir values rcprcscnt Ihc cxpcctcd intcnsily  for the two wny link, :md anticipates the final
results showing ll]al  Ihc uplink  pdf  con bc measured at tllc rcccivcr  scolcd  only by prop:lgalion IOSSCS,  and not by any added
r:mdom variation.

These wducs arc subs(itutcd  into the pmwnctcrs, and cqu;ltion (18) is numerically cvalua[cd to produce the pdf’s  in
Pigurc 4. I-he long (ail On (IIC 532 nm curve is (here but is not os evident ttmn at the longer w:~vclcngth. I’his is a direct result of
the lower pcrforlnancc  of the adaJMivc  optics Syslcm.  ~’hc pc;k of ltlcsc Jxjf ’s arc Simikrr in anlJ)litudc and location to those of the
uncompensated case. The diffcrcncc  is the long Krils associated wit]l Ihc higher returns which is rcsJ>onsiblc for the lorgcr mcn
intcnsilics.  Physically, the comJ)cnsatcd  beam is much more Ioc;lliz.cd Ihan the uncompcnsnlcd  beam, however, the random titt
Cffcdivcly jitters tllc beam and rcduccs the irr’adiancc onto the cm Ilcr cube ;u’ray cxccJ~t  when the befim excursion is small.

4.0 ‘1’hc rctroreflcctcd  beam

‘J’hc targeted circulrrr  corner cubes iuc cmbcdcicd  in a rcclangul:u  ;umy ( J-’igurc 3a). Within its acceptance angle [ 19],
[20], cncll of the corl~cr  cubes mtlccts  a porlion  of the incident I) I;IIIC W:IVC b:lck aiong tile direction of ttlc propagation to its
source point. Neither is it assumed nor is it known if the ljiKIsc ciciays  of ttlc indiviciual  corner cubes ,arc related in any way. Wc
amumc that Ibc offset in plmc bctwccn cacb corner cube is most iiiicly greater th:m 27c. ‘1’hc rctrorcllcctcd  beam is thus
dcscribcd  as a sum of qllasi-rl~otloclirol]~alic sources radiating within  ttlc cnvclopc of the corner cube may. ‘I”hc return hcam is
the inlcrfcrcncc  bctwccn each of tile individual corner cubes resulting in n fixc(i but unknown spccidc  p:lttcrn at the lop of the
ntmosphcrc  (in tile ffir ficid).  ‘t”hc si)ccklc pa[tcrn is ciurraclcriz.cd by a ‘macro’ spcckic  pattern duc to the skrpc of the individual
corner rctleclors.  Supcrimposc(i on this is a ‘micro’ spcckic  p:itlcnl  ~iuc to the cnvcioi)c  of tllc  corner cube mmy(  Figure 3b). ‘J%c
combirtcd cffccl  of these two skrpcs is to produce an overall spcckic p;lltcrn clmraclcriz,cd by a cohcrcncc ,arca. For a uniformly
brigh[  source, tile collcrcncc  m’ca for any wavcicng(h, k, and i)ro[mgation dis[mcc,  z., is proportiormi  10 IiIC area of the source,
A ,Ource, given by tk simplifying cciuotion [6]:

A= = -#2)2- .
3oiirct

(23)
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The cohcrcnce  diameter is approximately the s~uarc  rool of these qu;mlilics,  607 m and 1214 m for the green and infrared
wavclcnglhs,  rcspcctivcly.  Etcc:lusc the correlation distance of IIIC downlink bcnm al the top of t}ic atmosphere is so large,
subsequent bwrm brcakrrp on the downlink through Ihc almosphcrc can bc dcscribcd in (crms of (hc intcrfcrcncc  bctwccn
spatially cohcrcnt propagating light waves.

Figure 3: a) Corner cube arrmgcmcnt  for the 10x 10 Apollo  11 corner cube army of cubes with dimclcr, d arranged on a
grid wiitr  dimension, 1. b) Propagation from IIIC cor[lcr  cube ;uuy to the top of (hc atmospllcrc  rcsulls in a fixed but
unknown spccklc patlcrn of inlcnsity  consisting of a micro-spccklc  pallcrn  within an cnvclopc  of a mitcro-speckle
pattern. 311c transverse distance of a micro spccklc  is roughly proportional 10 the cohcrencc  area.

a

‘-’-’-’-rYEEE1 b < . . . . .

rnacrospccklc--duc  to individual

&

~——– 1 ——.+

S.0 Downlink  atmospheric turbulence  and aperture averaging

5.1 Dmvnlink  atmospheric furbulcncc
Bccarrsc  irhnosphcric turbulence breaks up Itrc pkrsc  floli( of IIlc ‘micro’ spccklc  palcll  0S ii propogritc.s  through the

Nrnosldw.rc,  ihc intcrac(ion  of Ihc rclrorcflcclcd  krscr beam wittr  atmospheric turbulence is dcscribcd in tcrrns of lhc addi[ion of a
large number of sla(islically  indcpcndcnl rmdonl  comldcx wnplitudcs,  “1’tlc beam propagation Calcukltion  uses ttrc same
arguments and onolysis  for IIIC uncompcns:t!cd  uplink  dcscribcd  iii Scc[ior~  3.1. Equation (4) is rcwrillcn for the downlink  as lhc
Compl(!x sun] of real and imaginary p.arls over all spatial coordinates:

h’ K

A(x, Y) ‘ ~ArL(Xt Y) +;~Aik(~.y). (24)
k=l k=l

For good atmospheric conditiorls,  Ibis random sum will yield in a log normal pdf  fcm inlcnsily,  and for saturated conditions of
turbulcncc,  it will yield the (negative) cxponcnti:rl  pdf  [6]:

..l(.r. y).

“ [’ (” r’y)] = i/(.:, y)) = (/ (X,y)) (25)

‘lIrc parameter, <I(x,y)>, is lhc mean (cnscn]b]c  average) of the irlst:ult;mcous intensity.

5.2 Aper[ure averaging of the received intensity
The total measured energy pcr laser bcwn pulse is ttrc irltc.grvl of (hc inslnnt;mcous  intensity over the cntrmncc pupil, i.e.

I; = JJ/ (r, ~) A(IY (26)
l’hc p(lf of the integrated energy is dctcrlnincd  fronl  its point s[;ltis(ics by recasting tllc problcrn as onc where [hc intcgra(ion  is
rcphwcd by a sumnmtion [6]:

(27)

over a number, N=J *K, of equal orcas over ttrc rcccivcr  arm, A. Eoch sulmrca is chw-act criz.cd as having an cxponcntiol  pdf  for
its inlcnsi[y  fluctuations, cqua[ion (25), with IIic s;imc [IIcan, <IA>, l’hc mc:ul cncr-gy is given by [hc expression:

(E) = A{/A) (28)
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‘IIIc ensemble average <E> is Ihc total intcgmtcd inlcnsit  y over [tic cnlirc  apcrlurc. Using cqwttion  (27), Ihc variance of
the itpcrturc  averaged intensity  is related to the varinncc  of a single hrrbulcncc ccl] by IIIC faclor  of UN:

A202,
~2E=_ N.. (29)

Tnblc 3: Parametric wducs for CEMERLL compensated uplink for r&=7  cm. “I”hc V:IILICS of AZ and b also include transmission
and diffraction 10SSCS in lhc downlink.
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As in the uncompensated uplink,  Ihc number of sub;uc;is, N, is dctcrmincd  by computing the corl-elation area of the
aln]osphcric  turbulence ml dividing that number into Ihc rcccivcr  area, ‘1’hc number of cffcc[ivc  indcpcndcnt contributions is
then given by (14), and for the 3.5n~ rccciving  aperture and lhc lmminnl  conditions given for ro, it value is over 1400! For Iargc
WWXIIN  of apcrlurc  averaging, and onc would suspect tllc  J)df of tllc rcsult:mt integrated inlcnsily  would convcrgc to thrit of a
Gaussian or other narrow width limiting distribution. For (hc cx~]olicntial wtmrc the cx:lct illtcgmtcd  inlcnsity  pdf goes as a C31i-
sqwtrc distribution with 2N dcgrccs  of freedom with moments:

(f+ = !’(T+ N) (f;) k()I (N) ‘N
Using. this formula, tllc variance of the apcr(urc  averaged irllcnsily  is:

(30)

[,. 2- (O*.CJ21:  = (N)- ( .) - ~ (31)

and the, above pdf  converges to a Gaussian with mean and vm-i;lncc M given.
From either (29) and (3 1), the ratio  of s[:md;md dcviat ion to the mean intensity for the ;Ipcrlurc  averaged signal is

proportional to ~N , I( is lCSS th:m 3 pcrccnt than that of the uplil]k.  ‘1’IIUS the n~casurcmcnt  of ttlc downlink  is ‘noiseless’ rchtivc
to thc fluctuation m the uplink,  :Incl dots not contribute to ttlc prohabiliiy  density funciion  of ihc overall two way link. I“hat is, the
Gnussi:m pdf  for lhc downlink  acts as if it were a Dime dcltfi  ful~clion on [hc uplink  pdf  resulting in an overall pdf  that follows
tllc functional form of the uplink  pdf  but wtlosc mcm) and higtlcl  lnolncnts  arc modulalcct by prop: igntion tosses. I“hc numerical
v;duc of the mean intensity in the two w:iy link pdf  is dctcrmincd by Ihc cxpcrimcnt;d  conditions and computcct by Ihc scaling
cquotions  given in Section 2.0. The ovcr:dl compensated and uliron~l)cns:ltcd  pdf’s  :lrc sun~rn:iriz.cd below in Figuic  5.
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Figure 5: 1’WO w:iy link probability density functions for CEh41XI.L  for atmospheric conditions of r. = 7 cm arc used. A log-
Iog scale is used 10 include the rmgcs  of inlcnsily  from bo[h wavclcnglbs.
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lhc ou(put from in two way laser link will bc an clcctric:ll  currcni  proportional to the number of [hc gcncr-alcd prinmry
Jhotoclcclrons,  n,), and dclcclor  gain. C;, 10 give a number of secondary phomlcctrons  [21]:

The sccoml term cor~csponds  to Ibc number of background clccmns whicl) is typically duc to dark noise but can also bc due to
noise sources associated with Il]c detector electronics. Wc :issuIIIc [hc number and protmbility  of primary electrons duc to the
backgrounds obscrvnblc, and hcncc, crrn bc dcconvolvcd from ttlc observed sign:d 10 oblain an cstirnatc of IIIC Iruc signal.
Photovoltaic  detectors such as ]hotomullip!icr  tubes (1’M’1”),  av:l]:mcllc  pllo(odioctcs (API)), and (tic Solid StaIc  Pho~on~ultiplicr
(SSPM) [22], emit n stream of primary photoelectrons gcncr;ltcd at random according 10 a I’oisson probability law [6]. The
p;uamclcr  of the Poisson dish-ibution is proportional to the nun]bcr of pllolons incidcllt  on ihc dclcctor  [md its quantum
cftlcicncy.  l“hus tbc prob:lbi]i(y  of gcncr:lting  111, photoclcclrons  obeys M:lndcl’s  equation (filso known as IIlc Poisson transform)
10 give rr pdf  wilt] nssocialcd  parameter:

(33)

w =- q L (34)

‘IIIc quanluln efficiency of tbc dclcclor  is dcnofcd by, ?1.
I’bc signal duc [o these prim:u-y pbotoclcc[rons is furttwf  multiplied by the gain of the detector. ‘l”tic physical mechanism

ttmt produces this g:lin also produces a random variability in tbc g:iin wtlicb  furtbcr  produces a vari:ltion  on tbc nurnbcr of
secondary photoelectrons. F’Ml’ tcchno]ogy has been suf[icicn[ly  dcvclopcd to produce dcviccs with negligible gain variation
[23], and rncasurcmcnts  on tbc SSPM shows tbc ability for lillc;w  recording of rnul[ip]c  photon events [22]. Only ttw API>
tccbnology shows a broadening, of tbc nunlbcr of sccond;lry  electrons duc to gain v:wiabilily  [24]. 1’IIc variability is a fur~ction  of
the gain, and pmrmctcr,  k, which govcrms the noise propcr(ics of the AI’D to give a pdf  for sccond,ary  elcclrons, n,, as function of
rr conslant input of primary photoelectrons, n,).

‘lhis pdf  combines with the pdf  of the primary photoelectrons [o give the ovcr:~ll  pdf  of sccond:wy photoclcckons  in the
sumrnot ion:

(35)

p (/lJ)  = >/) (tip, )J#) x p (tip) . (36)
‘P

Using the pdf  for tbc two way link using a compcnsntcd  uplink,  tbc number of primary photoelectrons fronl  cqwrtion
(33) is cv;iluatcd by using the condilionnl  uplink  pdf  dc[incd in ( 15) to find tllc conditional pdf, p(n!is) wl}ich is:
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(37)

The unconditional pdf  is oblaincct by integrating over all probabilities of the jilter pctf as was dctincd in equation (16). For the
case of a two way link using an uncornpcnsalcd  ui)link,  wc coml):uc p(nu) comprrtcd  from the exponential pdf  (25), which from
Figure 2 is a limiting form of the I-K pdf. ‘Ibis results in (IIC Bose ~iinstcin pdf, p(nU) for primary photoclcclrons:

( w)””p (nu) = ----- -- i-+-i
(1+ (w)) “

(38)

lhc WIlucs  for ‘?l C(luiil to 8070 for the visible and 870 for the infrared (ch:uactcristics  of the most API> and SSF’M  at
these rcspcclive  wavclcnglhs).  The APD  gain and parameter, k, is assumed from the type of device used [25],

A comparison of the cumukrlivc  density (calf) for sccoldary  photoelectrons, p(n,),  is mode agnins[ the calf’s of primary
photoelectrons, p(nl,), scaled by a uniform gain, and p(W), the detector photon intensity scaled by the quanlum efficiency and
gain. For our purposes, Ihc cdf  is dcfincct:

Cfff(x)  = p (x >X) (39)

‘HICSC  ,arc all shown in Figrrrc 6 for both cornpcnsale(f and uncompcnsa[cd  cases. Wc comp.vc calf’s instead of pdf’s  here bccausc
the photoelectron distribution is discrctc whereas lhc photon cour)t  pdf, p(W), is inherently a continuous function, So instead of
intcgra(ing  the photon count p(ff  over discrclc  intervals, it is easier to coniparc the two on the calf, There is some broodcning for
the high primary photoelectron counl levels al both wavclcnglhs  but in gcncrai Ihc diffcrcnccs  arc small. l’hc lails of the calf’s for
the secondary photoclcclroms  me all uniformly larger duc for lhc gain variability in API) detector, but m not significant at the
probability ICVCIS likely to bc cncountcrcd in CliME~I.1..

7.0 Summary
A theory for establishing (1)c probability density functions for tllc two wny laser link in fHiMEkI.I.  have been

prcscntcd,  and have been numcrica]ly  cvalwrtcd over o range of cxpcctcd  cxpcrimcntal  conditions, ~’hc two way link pdf’s
combined the effects ofi 1 ) uplink  turbulence, txXh for the compensated and uncompcn.mted cases, 2) intcrnction  with the corner
cubes, 3) downlink  proJmgalion through turbulcncc,  averaging effects from a Iargc diamclcr  rcccivcr  aperture, and 4)
photovoltaic  detection effects. llrc uplink  pdf  is the most critical faclor  in determining [he two way link pdf. l’hc other effects
served to scale the cxpcctcd number of rcccivcd photons without apprcciab]y changing lhc functional form of the probability
distribution. A small mount of broadening in ihc ptlotoclcclrorl  counting cdf  is also observed using a PM-I’ or SSPM.
Br@ldcning  duc to an API) dclcctor  will affect the tails of the secondary electron pdf’s  in a small way.

The diffcrcncc  bc[wccn the cornpcnsa(cd and uncon~l)clls:ltcd beam pdf’s  is the long tails caused by large uplink
intcnsiiics  which recur at random duc to II]c jiltcring cffccls  fronl the lack of a tilt error signal. A separate lip-till correction
would mitigate this effect making for a krrgc rclurn  beam for cart) pulse. Sucl) a systcm could usc a distinct solar illuminated
feature on lhc lunar surface within the isoplanalic  palch of l}IC ad;ll)tivc  optics systcm, or coutd bc initiated by one of these krrgc
return pulses.

Figure 6: Comparison of cumulative dcmsity  functions in C’l{MEI{l.I.,

Compensated and Uncompensated CDF’S rO=7 cm G=400 k=O.0015
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8.0 Appendix

8.1 Expcrimcnld  conditions
A conmmn set of pmrmctcrs  governing IIIC rrtmosplwrc  :md lhc corner cube rrrray all have citbcr  been dircdy mca-surcd

during GO1%X or hnvc been calcuki[cd  from other qu:mtihcs mc;uwrcd  al that time. l’hcsc  numerical values tmvc been
sun~marizcd  in l’able 4 below. Unless otllcrwisc  s[;ltcd in IIIC taldc, [hc cxpcrimcntal  quanti(ics vary rrpproximatcly  by +/- 10%.

The turbulence to bc corrcctcd dccrcascs  duc to Ihc wavelength dcpcndcncc  on r. by over a f;lctor  of 2 (the ralio  of the
two w;lvclcngtbs  10 the 6/5 power).’l’hcrc is also slightly Icss tr;lllsmission  10ss in the 1~ than in the visible. Thus the IIt photon
flux incident on the rctrorctlcclor  would bc g,rcatcr in bottl tllc col[lpcnsatcd and ttlc uncompcnsalcd  uplinks.

Factors for lhc performance of the kvscr guide stnr ad:iptivc optics systcm were inferred from performance d~tfi supplied
by SO~ [18]. Lrrscr guidcstar adaptive optics dots not provide ii sign;d  to concct  the effccl  attributed 10 tilt in the aperture, and
performance values for tilt corrcctcd compensation is included as rcfcrcncc  in the given pdf  analysis.

The baseline comcrcubc  rrrrays  arc the ones left on the Moon by ihc 3 Apollo missions. l’hc Apollo 11 rmd Apollo 14
tarr’irys arc optically idcnlicnl,  a 10 x 10 nrray of 3.8 cm diamc(cr cubes arranged on 4.6 cm ccnlcrs [19]. The Apollo 15 array
consisls  of 300 corner cubes in a CIOSC packed hcxagolml  CCII fornnl arr;m~cd in a 61 cm x 104 cm rcctanplc  1201. Each corner
cube provides a return bcnm cquivalcni  to 42 urad divcrgcncc aI]glc in bot~ Ihc lunar drry and night cnvironn~cnt.”Total  intcrnrr]

. . -

rctlcztion  is used m the rctlccting  mechanism in.stead of mckrllic  coatings (such as aluminum), thus the reflection efficiency is
iirnitcd  to a maxin~um of 25Y0.

Table 4: Expcc[cd rrtmosphcric  and cxpcrimcnt;d  conditions for [’l;M[lRI .1,
.—. ——

.—. ——.——
Almosphcric
p:mm~ctcrs

Tclcscopc
trar~slnit(cr

——— —-—.—....————. .

properly

— . . — . . . — — -  :.. —
maximum zcnilb  pointing angle (dcgrccs)

—
z.cnill)  atmoslhcric  transmission

_ . . . . -————
Iransrnissioll  lCLSS  (n~agllitudc/ :iir mass)

scolcd  trtmsmission at 45 dcgrccs

‘1 =T ~,,,,  ~o-(l,4111vsrc (zenith)
‘1 1111 ———-. -——. — .- ._

r. =5 cm nlirlimrrm  allnos~)tlcric tufbulcncc ill 0.5~~nl ard zenith
Jminling sc;llcd to wavelength nnd Ill:ixinlrrnl  zcnittl  poir~tillg angle

. ..-.. —
ro = 6.38 cm nominal atmospheric turbulcnm  ;It O.S~In] and zcni(h
pointing (cxpcctcd range is 5-7 cm) sc;dcd [o wavclcngIII  ;Ind

nwrximum z,cnith pointing angle
.-— ———. —.... . . . . . ._ —__ . .. ——— ——
r. =7 cm n]aximrrm o[mosl)llcric  turbulence at 0.5~In~ :ind zenith
pointing scaled to w:lvclcnf:lh  and nmxinlunl  z.cililh poinling  :mglc

diamclcr  (m)

trmnsmissiwl
(lip/lill Iracking  rnodc)

——
puke energy (joule)
..—— —
pulse ]Cngtll (nscc)

rcpctilion  ralc (}Iz,)
— —— ..—

symbol

z.cnitll

‘TZ,el,

m”

‘I (1[1))

r .

r .

r .

r>lr

r(r

p

$

f

L ?L=
532 nm 1064 nm

45 4 5

0.8 0.8

0.2 0.1

0.62 0.70

4.38 10.05

5.58 12.83

6.13 14.07

1.5

0.45
(0.25)

0.45 1.5

15 15

20 ’20
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~’able 4: Expcctcct atmospheric and  cxpcrimcnl:d  conditions for ~IiMEf{LL
-———.  .—— —

—..— .——
uplink
propagation
factor

IMccivcr
Iclc.scope

—.
Corner cube
p,armnctcrs

property ?+=
Sylnbol

532 nm
. .. —.— _

rrncompcns:ltcd  at max r. iml 0.0024
— ..— _ . _ ——.——

laser guidcslar  conq>cnsa(ion  at max r. i ml 0.0036

lnscr guidcslar  + tip/lill compcns;ltion at notnilml irtl 0.0863
— - — — — — —.-”. ..— .—

laser guidcslar  compcnsa[ion  at averaged over r. r;mgc ire] 0.0029

dinmctcr  (m) D, 3.5
——— -——.
transmission z’ 0.5

-—. .—
cube diamclcr  (cm) dCUbC 3.8

- - — —  — . .  .  . — . .  — . — — .
divcrgcncc  angle (~rnd) ocu~ 42

rcflcclion  cfticicncy ~cubc 0.245
.—

number of clcnlcnIs--Apollo  11 ,Apollo  14 (used in rei)or[). NC,,~ 100
(Apollo 15) (300)

b
1064 nm

0.0100

0.0174

0.5289

‘0.0130

—

8.2 Far field intensity for propagation through al]nospheric turbulence
3’IIC  complex amplitude in [bc far field is rchlcd 10 IIIC conip]cx iin]~)li[udc of the source through the Frmmbofcr

difflaciion inlcgr:d.  Ignoring unimportant complex plmc facmrs, for :10 mpli(udc :@, rrnd a wavclcnglb,  k, IIlis relation is:

(40)~~jjci(<,q),-i~n(t+  w),,<A,a(.l’, y) = -
[)

I’hc intcmily  is IIIC modulus square of this mull. In tllc msc of dit’fr;lc[ion  Iimitcd  propag;l[ion,  the function a(~,~) is a circular
apcrtolc,  tbc intensity bcconlcs  [3]:

‘(’”y) =  ‘o(:K)2[q;q2  =  “2-+Y2
(41)

L

The propagation dishmcc is so long (1KII  tbc corner cube array 011 [Ilc moon is at [lie (0,0) coordinate. “1’hus the diffraction limited
inlcnsity  is simply tbc scale Wr]uc in fronl  of tbc Rcsscl  function.

IICZaUSC of atn~ospbcric turbulcncc, [bc valrrc of a(~,ll) rcj)rcscnts  an inst:mhncous mmplitudc,  iit]d is a random
function. The Fourier licrrlcl drops out of (40) for IIIC on ;Ixis far field iolcnsity,  and tbc rcsull is a four fold intcgrnl. ~hc
crlscmblc avcrngc for this intensity is:

By definition, tbc spatial cohcrcncc function [3] is tbc brackctcd term on tbc right band side of tbc equation, thus:

(42)

(43)(/(0, O)) = ~~-, ~jJjJp (~, q;t, r]’) dE#r]d&dq’
[> 1)

For uncompcnsatc(f  ntmospbcric turbu]cncc, ttlc spo(i:il cotlcrcncc function is given by (53), and is parxmctrizcd by
Flied’s Ixmmctcr,  r. [7], [ 16]:

,.~,(j~- t,’+ ,1]- v,’),6
(/(0,0)) = ~:jijjjjc ‘: dQh]&’d l)’ (44)

o /)
This variahlcs of integration arc transformed into a diffcrcncc  coordirmtcs  with unit Jacobinn making tbc integral a function of
tbc diffcrcncc  alone which  cnn bc integrated to rcducc tbc expression toil double intcg,rid.  Fin:ll]y,  tbc integral can bc
kansformcd into polar coordinates to give a compact  form [bnt c:tn bc transformed into a Gamma function [27], and by rcaliz.ing
the condition tbnt r. is rnucb srnallcr than the tclcscopc  al)crlurc.
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Io(n:’)(:$)
(/ (o, o) ) = ----–fi-- for D >> rO

‘lhis value is compared [o (IIC diffraction Iimitcd  intensily  in (41) to give ltw rclalivc  inknsity:

( )
ro 2

i :urb  =

i)

which is the factor  given to compute the mean intcnsily  for the uplink  in Section 3.1, cqrraIion (12).

(45)

(46)

8.3 Coherence nrea and the effective number of scatterers.
The number of cffcctivc  scatterers in the uplink  is the r:t(io of Ilic tr;msmittcr  area to the cohcrcncc  area of the uplink

bcm will] the cohcrcncc  area defined as:

@~ lP(A~,A.Y)12dA~JAY (47)
e-,

‘his intcgrution  is idclllical to that of the mccrn far fickl  in[cnsit y as shown above, cxccpt for lhc sqrmc  of the cohcrcncc
function and that polar coordin:ilcs  arc used on a double integral a( the beginning. For Kolmogorov  turbulcncc,  the required
integration can bc performed in closed form in a way similw to lhc previous scclicm  10 give the final rcsu]l:

n [);,

- 4 - .q~!!~a=.
( )Ac”  - - “ rO

(48)

For the compcnsalcd  case, the limiting approximation dots not hold and the solution to (47) involves an incomplete
gnmrna function which wc numerically cval ucrtc for this paper. “1’t Ic nurncric;d  intcgr;il  requires It lc usc of an cffcclivc value of ro,
which is taken from lhc rcporlcd  seeing angtc, (.), nlcasurc(t by (tic laser guidcstar  adaplivc optics syslcm [ 17].

k
~oeq  ‘ ;Lf) (49)

For 0.13 arcsccond seeing al ~)= 0.88 ~lrn [ 18], the cffcctivc  r. is waled  to tllc  CliMF,~l.1,  wavelengths and zcnittl  angle, $,
through Ihc scaling equation:

~ 615
~ocf,f  =

()ro’,q ~
~o~- 31s 9 (50)

o
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CEMERLL Intensity fluctuations

Overview:

experimental objectives and applications

critical paths and components in propagation

development of theory

feasibility (expected photon returns)

intensity pdfs and associated parameters

relationship between parameters and expected returns

probability density function (pdf) predictions
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CEMERLL Intensity fluctuations

Objectives:

To measure signaI enhancement in a two way laser propagation Link

between Earth and Moon

with’without laser guidestar adaptive optics at Starfire Gptical Range

at 532 nm 1064 nm wavelengths

Testbed for deep space optical communications Links

precision pointing and tracking

low power laser propagation statistics through atmospheric turbulence

RIKT. 119010A



CEMERLL Intensity fluctuations

Critical propagation paths and components:

Uphlk

Comer cubes

Downiink

propagation

turbulence

aperture averaging

Detection

—.—

Luntir retroreflwtors

Downlink

I_.~plink  beam breaku~

and ?lp/ti?t

“ /

Atnlos;  ]lwre Breakup and tilting

I of downlink beam

Transmitter Receiver

RIKT 1 Imlw



Theory

CEMERLL Intensity fluctuations

development

Feasibility (Expected returns)

point anaIysis based on a priori experimental conditions

Intensity pclf’s

parameterized probability density functions

Relationship between pdf parameters and point analysis

Result is a theory which gives the functional form of the pdf’s for-received intensity
and the relationship between its parameters and the experimental conditions

I



CEMERLL Intensity fluctuations

Feasibility study:.

Expected atmospheric and experimental conditions for CENIERLL
9

~=532 n
property symboI l=f064 nmm

Atmospheric
parameters

j maximum zenith pointing angle (degrees) ‘ zenith 45 45
}

zenith atmospheric transmission ‘rzen 0.8 0.s

transmission Ioss (magnitude/ air mass) I
~ mv I 0.2 ~ 0.1 I

scaIed transmission at 45 degrees ‘atm ‘ 0.62 0.70 c

‘afm  =  ‘zen
~o’-wmcwc(zenifh}

~ r. =5 cm minimum atmospheric turbulence at 0.5,um and zenith \ r. 4.3s ~ 10.05 \
pointing sca!ed fo wavelength and maximum zenith pointing  angle : ! (

rO = 6.3S cm nominaI atmospheric turbulence at 0.5um and zenith ~ ro ~.~s 12.S3 ‘
pointing (expected range is 5-7 cm) scaled to wavelength and

, maximum zenith pointing angle ~

r. =7 cm maximum atmospheric turbulence at 0.5~m and zenith ! ro 6.13 1 4 . 0 7
\ pointing scaled to wavelength and maximum zenith pointing angle [

Telescope diameter (m) ‘ t r 1.5

transmitter
transmission ‘tr 0.45

I (tip/tilt tracking mode) (0.25)

pulse energy (joule) I 0.45 I
~ pulse Iength (nsec) I to I 15 I

I

I
1 repetition rate (Hz) If 120 /20



CEMERLL Intensity fluctuations
Expected atmospheric and experimental conditions for CEMERLL

property
1

upIink uncompensated at max r.
propagation
factors’ Iaser guidestar compensation at max r.

laser guidestar + tip/tilt compensation at nominaI

laser guidestar compensation at averaged over r. range

Receiver diameter (m)
telescope

transmission

Corner cube
parameters

I cube diameter (cm)
i . .
1 alvergence angie (,uraci)

reflection efficiency

1 number of e!ements--Apollo  H, Apollo 14 (used in report).
(Apollo 15)

* Uses guide star adaptive optics performance simulations

B. EIIerbroek,  AF PhiHips Laboratory, Albuquerque, NM

k=532 nsymboI X=1064 nmm

irel 0.0024 0.0100

ire! 0.0036 0.0174

irel I 0.0S63 I 0.52S9

ireI I 0.0029 I 0.0130 I
D, I 3.5

T“r I ().5 I
dcube 3.8

I

I

‘ c u b e ‘ 100

(300)

BNIL l/20/94



CEMERLL Intensity fluctuations

Expected photon returns:

■ Product of initiaI Iaser strength, propagation and transmission factors

i= ~uplink~cubes~do  ~nlink



CEMERLL Intensity fluctuations

Expected photon returns (2):

Condition 1=532 nm 1.=1064 nm beam quality

uncompensated 12 ~ 9s I broad speckle pattern of !OW intensity

compensated 17 \ 155 I concentrated beam with uncorrected atmospheric tilt

compensated + tilt corrected 304 ~q240 welI Iocalized  beam; objective for extended CEMERLL
experiment

maximum 5:6S7 12,300 I maximum for perfect adaptive optics

BML l /20/94



CEMERLL Intensity fluctuations

Uplink pd.f theory:

= random walk modeI for intensity partitioned into specular and diffuse components:

specuIar component corresponds to unperturbed portion of beam

diffuse component corresponds to scattered  nnv+i nn nf T--ampw. -A”*.  “. we

higher order turbulence, focal anisopIanatism

E on-axis compIex ampIitude  modeI:

a(O, O) =  (zJo,o) +Cz Jo, o)

resuItant intensity:

■ K becomes a as continuous parameter for effective number of scattering eIements

13?wr, 1 /2(-)/94



CEMERLL Intensity fluctuations

Uncompensated uplink pti

H I-K distribution based on Andrews and PhiUips model

assumes infinite number of diffuse scatterers:

u moments and parameters:

(i ) =A2+bu

(i2) = A4+,A2b+2b2 +:b(b+A2)u

B.ML
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CEMERLL Intensity fluctuations

Approximation for second moment:

E Iimiting case for large a and small p

)
(iz) = 2 ( 1 + :  (iu)zu

BML  l/20/94
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Uncompensated uplink prediction:

I 1 1

A ro a <iU> *2 b
(photons) <iU2>/<iU>2

(photons) (photons)

532 nm 7 cm 1379 9.5 I 2.0015 7.1 XIO-12 9.5

1064 nrn 7 cm I 261.9 10s.2 ‘ 2.0076 1 0 ”8 10s.2

■ Probability density for r. = 7 cm

0.06 +=532-”---- , L=1064 nm
\ I*, . ,

I
I 1
1 1

0“04 i. ‘1

=

1

(/ ““.,, ,
,:

“Ii

\
c \
:0.03, : \=n \
o “. \
; “. ,

I “. \
0.02 1 ‘. \

i ““.”,
1 . . \

0.01 exponential \
\

f -. \

i
t

,r . .

0
T----- ___

20 40 60 80
I

100 120 140 160 180 200uplink intens~  (photons)

{ ‘ \ fognomdI 1,
1 l \

I I \

.

I

.’

~ ‘f

/

i
if

f I
o; ‘ f I, 1 I ,0 ?00 200 300

t
400

--_,
500 600 700 800 900 1000

uplink  intensi~ (photons)

BML  l/20/94



CEMERLL Intensity fluctuations

Compensated pti

■ Assumption on random waLk model:

small number of scatterers

specular component jitters due to uncompensated a~rnn~~h Pm” c *+1*-. --.” . ..”
diffuse component due to uncorrected aberrations (e.g. focal anisoplanatism  or limited
AO corrections)

final pdf is integral of unlittered pdf and jitter pdf

= Unlittered pdf is lNakagami distributed:

■ Jitter pdf (Kiasaleh and Yan):

((~cfis) = A2is + b

[)(ic) = A2’L •~
1+(3

B.ML 7/20/94



CEMERLL Intensity fluctuations

Relating intensity moments to experimental conditions:

jitter parameters

Solve for parameters:

Approximate r. provides approximation for a

4~
‘Oeq  = ~ e = O. 13arc secseeing

seeing
mean intensities from laser guidestar simuXated performance

1 /’20/9A



CEMERLL Intensity fluctuations
Predicted compensated uplin.k pti

wavelength effective r. cl

\

532 nm ‘ 1.67 m 2.36

1064 nm 3.S4 m ‘ 1.27 I

o.07r 1 ! ,

I 532 nm

f

!

I 1064I
I

jittered tiIt corrected ~

intensity (iCj intensity
a D

*2 b
(photons) (icli~= 1) (photons) (photons)

(photons)

21 464 2.363 0.00621 446.3 I 17.7—.. .

214 6505 1.270 0.0249S 6451 54
—.

1 ! 1 I f

of -t — _ _ _  _ _ _ - - 1 I

0
-1 ! I 1

100 200 300 400 500 600 700 800 900 1000
intensity--photons BXIL 1/20/94



CEMERLL Intensity fluctuations

Properties of retrorefiected beam:

9

2

Incoherent array of radiators causes a fixed, unknown speckle pattern of microspeckle
and macro speck~e

macrospeckIe--due to individual comercubes

+ +
cxljd

(

4 *
I

Beam coherence diameter at top of atmosphere is 600 mat 532 nm and 1200 m at
1064 run

Retroreflected beam is a modulated p~ane wave at top of the atmosphere

modulation is due to up~ink variations

b

13ML  1/20/94



CEMERLL Intensity fluctuations
Downlink beam breakun:

■

&

Assumes random waIk model

log normal intensity pdf for weak turbulence

exponential pdf for strong turbulence

■

m

Detection by large aperture receiver

Detected intensity averages all downfiti fluctuations

Downlink integrated intensity fluctuations are insignificant compared to uplink
fluctuations

Two way link intensity pdf dominated by uplink pdf

1 /!?O/QA



CEMERLL Intensity fluctuations

Signal detection:

■ Candidate detectors, PMT, SSPM, APD, are aII photovoltaic

m AnaIog detection required due to short laser pulse duration

output Current prqm~t~~paa~  to ~m=~~+AAlp UV signal, detector quantum efficiency and gain

signa~ fluctuations quantified by production of secondary photoelectrons

rz~ = G x (np +nback)

assume Poisson dark noise can be corrected

■ pdf for primary photoelectrons is Poisson (Mandel)  transform. of intea~ated  intensity:
C=Y

J

wrne-W
p (np) = p(W)dW

o %!

W=qex E

m PMT and SSPM gain fluctuations do not smear p(n~)



CEMERLL Intensity fluctuations
Seconda~ photoelectron pdf’s under APD gain fluctuations:

9 p (TZJ = >( TZp, q@ XP (TZp)
np

■ From .McIntyre (RCA Review, 1972)

■ APD gain fluctuations influence pdf tails

RNTT. 1 /9WOA



CEMERLL Intensity fluctuations
Primary photoelectron calf’s:

m Comparison of p(n~), G x p(nP) and G x p(qe x W)

00

■ Calf(n) = z p (n)
k = n

qe = 80% at 532 run and 8% at 1064 nm
Compensated and Uncompensated CDF’S rO=7 cm G=400  k=O.0015

10°
<

\

1064 nm

10”5L
~532  nm 3

uncornpe~$a~ed 7
i

J ]
10 ! 1

0
! !~.~ 1

:.5 .2 2.5
F%otcektrons  NS

3
5

R Average photons levels do not significantly ch;;ge pdf’s

RMT. 1 Fmlm.f
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